Tunable Diode Lase Absorption Spectrometers for CO2 Wellhead and Pipeline Leakage Monitoring: Experiences from Prototype Testing at the Illinois Basin – Decatur Project, USA  by Zimmerman, Joseph W. et al.
 Energy Procedia  63 ( 2014 )  4083 – 4094 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).


































s of CO2 have be




oring of CO2 co
ype testing, it is
ated environmen



















led the Remote 
ify any leakage;
ncentrations inte













iences Inc., 20 Ne
n Consortium is
 storage of one 
100 meters. Inje




 and (2) a solar-
grated along a f












al Survey, 615 Ea
w England Busine
 conducting a la
million tonnes o
ction began in N
 unique opportu
e Tunable Diod
ed in 2013 at the
 Leak Detector (
powered wireles
ixed 100-m path
D designs can b
GT. 















 Illinois Basin -
RCLD), intende
s Open-Path Se
 for human hea





, Curt S. B
ard T. Wa
, Champaign, Illin
r, MA, 01810, US
 capture and sto
 (CO2) in the M




d for standoff i
nsor (OPS) syst
lth and safety.  B











st 2014, more th
 tools for CO2 m
y (TDLAS) sen
















 from the 
 an 
g; tunable 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
4084   Joseph W. Zimmerman et al. /  Energy Procedia  63 ( 2014 )  4083 – 4094 
1. Introduction 
The goal of the investigation described herein was to demonstrate prototype infrared diode laser-based sensors at 
an active CCS project in Decatur, Illinois, USA. The sensors were built by Physical Sciences Inc (PSI). Based on 
observations during application at the CCS site, these types of sensors have promising potential as CO2 leakage 
detectors for environmental monitoring programs at carbon sequestration sites. 
An extensive Monitoring, Verification, and Accounting (MVA) program has been undertaken for the Illinois 
Basin – Decatur Project (IBDP) and is focused on the 0.65 km2 (0.25 mi2) project site. Near-surface and subsurface 
monitoring are integral activities to meet MVA and project goals of: (1) establishing pre-injection conditions to 
evaluate potential impacts from CO2 injection, (2) demonstrating that project activities are protective of human 
health and the environment, and (3) quantifying and tracking CO2 stored in the Mount Simon Sandstone reservoir. 
The IBDP MVA Program is a combined effort of the Illinois State Geological Survey (ISGS), Archer Daniels 
Midland (ADM) Company, Schlumberger Carbon Services (SCS), and other partners. More than 20 different near-
surface and subsurface monitoring methodologies are being used at IBDP to field test their efficacy to monitor 
large-scale CCS in a deep saline reservoir. Environmental monitoring was initiated in 2009 and is currently 
scheduled to conclude in 2017 after the three-year injection (2014) and three-year post-injection (2017) periods have 
concluded. Other MVA activities relating to integrated reservoir monitoring [1], reservoir fluid characterization [2], 
shallow groundwater monitoring [3], soil CO2 flux monitoring [4, 5], and geographic information system use [6] 
have also been described.  
For the field sensor trials, PSI built two prototype sensors for leak detection using tunable diode laser absorption 
spectroscopy (TDLAS). Illinois State Geological Survey scientists deployed and evaluated these sensors at the IBDP 
site. The sensor configurations included:  
1. An “open-path” sensor (OPS) that continuously monitors CO2 levels along a line of sight approximately 100 
m long, intended as an alarm-type system for personnel safety that would be used along pipelines and at 
wellheads; and  
2. A remote carbon dioxide leak detector (RCLD) that is a hand-held, portable device intended for CO2 pipeline 
leak surveying and detection.  
The sensors were intended to (1) provide CO2 monitoring data from field equipment with limited maintenance 
needs and (2) be operated by end users with minimal need for advanced operational training. The IBDP site was an 
excellent location for field testing, because it had an extensive environmental monitoring program already in place 
to complement sensor testing.  
2. Methods 
2.1. TDLAS Theory 
The sensor systems apply wavelength modulation spectroscopy (WMS) using tunable semiconductor lasers and 
photodetectors to measure the infrared absorption of CO2. The WMS method takes advantage of the fact that CO2 
molecules absorb infrared (IR) radiation on well-known, narrow-wavelength bands centered on specific wavelengths 
in the infrared electromagnetic spectrum [7]. The PSI sensors operate in the near-infrared (1–2.5 m) spectral 
regions. The criteria for designing TDLAS sampling instruments optimized for precision and accuracy has been 
discussed in previous work by Frish et al. [8]. 
Fig. 1 shows the basic layout and signal analysis of a TDLAS sensor. The simple layout consists of: (1) a tunable 
infrared laser which is tuned in its center wavelength and intensity by modulation of the current; (2) an optical path 
which traverses a region bearing the IR absorbing gas of interest (in this case CO2); and (3) a photodetector. 
Modulated laser current at a frequency (fm) results in intensity modulation at the detector, creating a detector signal 
component at frequency fm, called F1. As laser current modulates, the laser wavelength also modulates over a 
specified CO2 absorption line. During a single current modulation cycle, the laser wavelength passes through the 
absorption feature twice, resulting in a component of the detector signal amplitude modulation at 2*fm, called F2. 
The signal processor demodulates the periodic signal to measure the RMS amplitudes of F1 and F2, and these 
components are used to calculate the CO2 concentration. F1 is a measure of the laser power received at the detector; 


































 (a) TDLAS transc











oard data to a
rms calculatio
 shown in Fig
ng east (laser 
of influences 












r coupled 10 m
beam along t
n partially cov
 to the transce
ditional compo
d supplies pow
 controls the tu
 workstation;
ns, displays ou




nt that is dire












iver, and (iv) 
nents to the s
er to the trans
nable laser an
 and a compu

























data for later u
mediately no
r). Thus, the la
l power, such 
wer and path-
al to CO2 abu
k CO2 concen
ur for examp
l path, or the
that converts t
 amount of CO
ectroscopy (WMS





 the opposite e
ics which coll
: a lithium ion
nents; a wavel
 sensor data; a
n which colle
se and inspect






le due to var
rmally-induce
he measured F
2 in the laser p
) signal processin
smitted signal at th
sorption spect
cal path. The 
ser, (ii) primar
ally-reflective 








r the 100-m p
at are also se
2 concentration
 independent 
te changes in 
iability in ref
d movements




e detector (see al












nsed by the 











 launch the 
ted from a 
ich returns 





ith the path 
g launched 


























e trailer south 
. Prototype CO2 O
nd (b) OPS transc
OPS was depl



















eiver with solar pa
oyed at the IB
sured to perf
vide absolute C







 was tuned to 










DP site from 
orm the inten
O2 concentra






 an extended 
operate at 90 m
m (4990 cm-1)
ient laser outp
aks in CO2 is 




January 7 to D
ded leak dete
tions (details g





at 2.0 m (NT
InGaAs detect
A and 22.9°C




 data via radio

 wellhead in Deca
ecember 22, 
ction functio
iven in [9]). T
in Andover, M





 with a curre
ange of appro
le eliminating
 40 GHz whil
 path to the tra
 to the data-lo
(
tur, Illinois: (a) ae
2013. Because
n, the sensor 
he installed c
assachusetts, 
the OPS for 






 influence of w










t al. [10] was m
rfly-packaged
1G5BAAA, 
th. With this m
depth of 17 m







 CO2 values 
brated upon 
stant was an 




6 mW), and 
odification 
A, resulting 
Fig. 3). This 
n lines. The 
 DFB lasers 



























ature as a function
sults and disc
PS Results fro




se above the 
 but varied als
round vegetat
ht. F1 and F2 v
e morning of 







/13 and the in





 of laser current f
ussion
m IBDP
















fluence of the 
of the south, 
3 maintenance
 plume across 
ctor (RCLD) wav
or operation at 2.0
P injection w




 cover. The c
mer), reachin











 the winds we
the OPS beam
elength calibration
04 m (or 4990 c
ell to monitor 









 the IBDP inj
 than atmosp
ns for approxi
5a). A similar 





 path [12]. 
: (a) CO2 and Wa
m-1). 
variations in C
.1 Hz via radio
 control board
etector direct 
en the sun lin
alculated from
in the early ev







Fig. 5b). The 
13. This is attr
t periods. Dur
to be carried t





. Fig. 4 shows
current voltag
ed up with the




ed F1 and F2 m
 was possible 
und. On 9/6/
ur in the vicini
10/25/2013 re
response to th
ibuted to a lo
ing the 9/6/13
oward and ac
of the west an











to test the OP
2013, a routi
ty of the OPS




ross the OPS 
d southwest, e
 Laser 
s. Data files 
r signals as 
ts from the 
daily as the 
er field-of-
 typical for 
um values 
re occurred 































feet off the g
urements wer















ust 4, 2013: (a) F1
ation monitored d
d primarily as






 site. This sc
, (b) F2, (c) detect

uring routine pipe
 a leak detec
us quantitative
pheric CO2 c
th of the OPS
rements durin
nd conditions,
on Nov. 16, 
atter was not


















ig. 6), with th
ried from 39
nt positive sc
d Dec. 3–4, 










atter in the re
2013), potent
s it provides 
ncalibrated). 
3 and (b) 
r, data were 





ially due to 
an average 
 Joseph W. Zimmerman et al. /  Energy Procedia  63 ( 2014 )  4083 – 4094 4089
measurement over a long path, compared to the single-point measurement of the LI-COR which will respond to 
local fluctuations. The OPS range of observations during the test was larger than that of the LI-COR 
instrumentation; for the OPS the ratio of maximum to minimum measured values was 5.0 compared to 1.3 for the 
LI-COR instrument. During this test, the OPS showed less diurnal fluctuation than in summer months, but the 
minimum values were similar to summer-time measurements (see for example Fig. 4). Although some similarities 
were observed in trends from the two devices, there was little correlation between the OPS path-integrated 
measurement and the LI-COR single-point concentration measurement, given the differences in the two techniques 
and environmental influences. The LI-COR diagnostic provides a time-integrated sampling at a single location, 
while the OPS provides a spatially-averaged value over the 100 m path of the laser beam. In the future, if use of the 
OPS as a calibrated instrument for concentration is desired, calibration should be performed under more regulated 
conditions, where the CO2 level along the OPS absorption path can be directly controlled. This could be done with a 
sufficiently large absorption cell (with IR transparent windows) placed in front of the reflector, containing a known 
and variable (flowing) mixture of trace CO2 in air. More details and the complete data set describing the OPS 
operation during deployment at IBDP in 2013 are provided in an ISGS contract report [13]. 
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10/8/2013 13:24 423 
10/8/2013 14:09  415
10/8/2013 14:13  413
10/8/2013 14:16  415
10/8/2013 15:04  475
10/8/2013 15:40 412 
10/8/2013 15:46  451
10/14/2013 12:49  408
10/14/2013 14:42  422
10/16/2013 11:10 416 412
10/16/2013 12:38 415 417
10/23/2013 10:36 418 421
10/23/2013 11:38  412
10/23/2013 12:48 414 
3.3. General Discussion and Future Work 
The PSI Open-Path Sensor was deployed for 12 months at the IBDP site and monitored CO2 levels at the active 
injection wellhead. The majority of OPS system components proved to be effective for use as an alarm-type system 
intended for personnel safety. The deployment was straightforward and required only straightforward standard 
installation (e.g., transceiver, reflector, and solar panel mounting). The transceiver housing was effective and kept 
the electronics and optics free of moisture, while allowing easy access to components for inspection. 
Communications between the transceiver and the control computer were easily established with the radio modems 
properly configured, and data-logging with the supplied software was manageable, with a typical data rate of 91 
kB/hour for 0.1 Hz sampling. The 19.3 AH Li-Ion battery used in the OPS was maintained throughout deployment, 
and did not require replacement. System power was adequately sustained even during periods of poor sun exposure 
with a 65-W, 39” × 21” solar panel. 
One key issue encountered was that thermal stresses degraded optical alignment, likely due to the laser launch 
assembly mounted on the transceiver telescope. Thermal expansion of the telescope body apparently caused the 
laser to aim off center of the target reflector, resulting in diminished and occasionally lost return signal. This issue 
caused some loss of data during deployment at IBDP, and has been corrected by PSI in a similar open-path CH4 
monitor installed at natural gas leak detection test site [14]. In addition, in order to make the OPS a more robust and 
accurate monitoring tool, calibration of the instrument signal (and recorded data) to relatively high accuracy 
measurements by other equipment is recommended and should be part of standard procedures for future installations 
and operation. 
The RCLD performed well during laboratory and field testing. It was responsive to CO2 plumes in both 
laboratory and field situations. The device was demonstrated using surfaces of various objects as reflectors, at 
distances up to 25 m. The testing showed that the RCLD responded appropriately to CO2 plumes in its optical path 
(demonstrated in concentration vs. time as the transceiver beam path is passed periodically over the plume), and that 
the device responded appropriately as the distance to the reflector is increased. Because the RCLD is intended as a 
leak detection tool and not a quantitative measurement tool, it computes concentration inaccurately by design when 
receiving weak return signals. This effect was observed when aiming the RCLD at diffuse backscatter targets at 
ranges exceeding 5 m. Similar to the OPS, calibration of the RCLD signal to other CO2 measurement equipment 
should be included as part of its standard operating procedure as was demonstrated at the IBDP site. 
4094   Joseph W. Zimmerman et al. /  Energy Procedia  63 ( 2014 )  4083 – 4094 
4. Conclusions 
Tunable diode laser absorption spectroscopy offers a flexible, cost-effective sensing technology for measuring 
selected target gases in complex mixtures associated with evolving modern industrial applications (e.g., CCS). Two 
unique TDLAS sensor configurations for CO2 were tested successfully at the Illinois Basin – Decatur Project site: 
the OPS and the RCLD. The OPS was deployed for a period of one year, illustrating long-term operation of a long-
path sensor for pipeline and wellhead monitoring, while also showing response to changes in ambient CO2 during 
maintenance procedures. The hand-held RCLD was demonstrated effectively for detection of plumes both in the 
laboratory (controlled) and in the field as a surveying instrument. With refinements, systems such as these could be 
used at CCS sites as part of integrated environmental monitoring strategies. These sensors have potential benefits for 
CCS operators by reducing the cost of leak surveying and verifying site integrity. 
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